In normal vision, three contrast patches containing black and white bars are aligned more precisely when the bars are collinear across the patches [Popple, A., Polat, U., & Bonneh, Y. (2001) . Collinear effects on 3-Gabor alignment as a function of spacing, orientation and detectability. Spatial Vision, 14(2), 139-150]. Normally, offsets between the bars in successive patches make the configuration appear tilted, but this effect is reduced in amblyopia [Popple, A. V., & Levi, D. M. (2000) . Amblyopes see true alignment where normal observers see illusory tilt. Proceedings of the National Academy of Science of the United States of America, 97(21), 11667-11672]. Our aim was to examine whether collinear bars nonetheless improve the precision of alignment in amblyopia. In a sample of 13 amblyopes, we found that collinear bars did indeed improve the precision of alignment in amblyopia, although both alignment bias and thresholds were higher in the amblyopic eyes for both collinear and non-collinear bars.
Introduction
How do we perceive where objects are, in relation to one another? When these objects are three Gabor patches, sinusoidal luminance modulation (carrier) inside a Gaussian contrast envelope, previous studies suggest that we use all the sources of information available ( Fig. 1 ; Popple, Polat, & Bonneh, 2001; Popple & Levi, 2004; Whitaker, Bradley, Barrett, & McGraw, 2002 . With the black and white carrier bars aligned, there is extra information about the relative locations of the three patches from the relative positions of these bars inside them. These relative offsets may be captured by the orientation of a large filter placed across two of the patches. That such filters exist in the primate visual system is supported both by physiology (von der Heydt & Peterhans, 1989) and by the finding that contours defined by carrier orientation alone can be detected when they are embedded in a texture of Gabor patches of different orientations (Field, Hayes, & Hess, 1993) . Nevertheless, the effect of collinear carrier orientation is small compared with the ease with which we can align the contrast envelopes or their centroids, even when the carrier bars are not collinear (Popple & Levi, 2002) . Others have concluded that this effect is negligible, compared to the larger deleterious effect of the carrier when its orientation is oblique to the axis of alignment (Keeble & Hess, 1998) .
Amblyopia is a disorder of visual acuity caused by the selective suppression of input from one eye, usually because during development this eye deviated to the side (strabismus) or was blurred by unequal refractive error (anisometropia), resulting in a mismatch between the images from the two eyes. Amblyopic eyes are poor at resolving collinear contours (Kovacs, Polat, Pennefather, Chandna, & Norcia, 2000) and show less effect of carrier offsets on perceived alignment (Levi, Hariharan, & Klein, Popple & Levi, 2000) . On the other hand, the precision with which visual stimuli are aligned is considerably reduced in amblyopia and, in addition, their alignment is often inaccurate (Hess & Holliday, 1992; Levi & Klein, 1982) and subject to bias (Bedell & Flom, 1981; Bedell, Flom, & Barbeito, 1985; Demanins & Hess, 1996) . The poor acuity in amblyopia might make it harder to use the carrier information, but on the other hand this information may be more useful in order to improve the poor acuity. Therefore, it is an open question whether collinear carrier orientation will improve alignment precision in amblyopic eyes. Our aim in the present study was to answer this question. Amblyopia only affects one eye, making the dominant eye a good control. However, a difference between amblyopic and dominant eyes may be harder to interpret if such a difference is also found between the dominant and non-dominant eyes of normal observers. Therefore, as a control, we also tested a large sample of non-amblyopic observers.
Methods

Subjects
Thirteen amblyopic and 20 normal observers were tested. All subjects underwent full refraction and orthoptic assessment before testing. Three of the amblyopes were anisometropic, six were anisometropic and strabismic, and four were strabismic only. Because of the small group sizes, these different subgroups could not be compared statistically in a meaningful way, and were merged in the analysis. Visual acuity in the amblyopic eyes varied from about 20/40 to 20/125. Two normal observers, who are the authors, were aware of the experimental issues, one of whom was extremely well practiced in these tasks. The other 18 normal observers were naïve as to the purpose of the study, as were the amblyopes.
Apparatus and stimuli
The stimuli consisted of two-dimensional Gabor patches, which are patches of sinusoidal grating enveloped in both the x and y dimensions by a Gaussian envelope. They are represented by the following equation:
where A is the amplitude of the function, which was set at 60% full contrast, and r is the standard deviation of the Gaussian envelope defining the patch. The frequency (f) of the Gabor patches from a viewing distance of 1.9 m was 3.5 cpd. The spatial constant (standard deviation) of the Gabor envelope was 10.4 arcmin. The separation between the patches was 1.7°, or 6 cycles. Six amblyopic subjects were tested at a distance of 1.2 m. The spatial frequency of the Gabor patches was 2.2 cpd. The spatial constant of the Gabor envelope was 16.4 arcmin. The separation between the patches was 2.7°. All observers reported that they could easily see the stimuli at this contrast. This relatively large separation was chosen because we have shown elsewhere that there are effects of collinearity on thresholds in normal eyes at this separation (Popple & Levi, 2002) while at the same time it is large enough to avoid crowding in amblyopic eyes .
The experiments were run on a 586 Komputer PC (with Intel Pentium IV), and the images were displayed on a 20
00 Mitsubishi monitor with a frame rate of 72 Hz, and a background luminance of 40 Cd m 2 .
Procedure
The stimulus arrangements used ( Fig. 1) were similar to those of Keeble and Hess (1998) , and Popple and Levi (2002) , and were designed to measure the thresholds and bias with which single Gabor patch could be localized. Three Gabor patches were positioned such that the outer two were aligned and the inner one vertically bisected them, and was shifted slightly along the horizontal axis. On each presentation the central patch was displaced to either the left or the right by a variable amount from an imaginary vertical line joining the centers of the outer two patches. Each presentation lasted 110 ms, and the overall position of all 3 patches on the screen was jittered by about ±10 arcmin, to avoid use of the edges of the screen as a reference. The observers were required to make a binary judgement of the displacement of the central patch, reporting by a button-press whether it was left or right of the outer two reference patches. The central patch had seven possible equally spaced positions, which each had twenty randomly sequenced presentations over the course of one block of trials.
All observers viewed the stimuli monocularly, alternating between their dominant eye (which in amblyopes is their fellow fixing eye, and in normal subjects is the eye that is primarily relied on for precise positional information) and their non-dominant eye. In normal observers, eye-dominance was established by asking them to align their thumb held at arm's length with a distant object viewed binocularly, and then covering each of their eyes alternately in order to determine which one was used for this alignment. Each subject performed at least two blocks with each eye for each stimulus configuration.
There were two stimulus configurations. In the first configuration, the gratings of all three patches were oriented vertically. In the second configuration, the grating of the center patch was oriented horizontally while those of the outer patches were oriented vertically (See Fig. 1 for an illustration of both conditions).
Design
We utilized a 3-way mixed design ANOVA analysis, comparing the effects of amblyopia (amblyope vs. control), stimulus configuration (collinear vs. orthogonal), and eye (dominant vs. non-dominant/amblyopic) on thresholds and on alignment bias. These were determined by fitting the psychometric function of the frequency of 'right' responses against central patch position (right of alignment) with a 2-parameter cumulative normal using Probit. The threshold is the standard deviation of the function, and the alignment bias is the mean. We also performed a separate comparison between the amblyopes tested at the different viewing distances, and did not find any significant differences between them.
Results
Part 1: Alignment threshold
We will first discuss alignment threshold, which we will consider to be the inverse of positional precision, i.e. the amount of misalignment at which left and right displacements of the central patch can be discriminated successfully 84% of the time. We found a significant effect of amblyopia on threshold (p < 0.001; F(1, 30) = 31.80), as well as a significant effect of orientation (p < 0.001; F(1, 30) = 35.18). Observers generally had a higher threshold in the orthogonal configuration, which is consistent with findings by Popple and Levi (2002) . There were no significant differences between the dominant and non-dominant eyes of normal subjects, or between the fellow fixing eyes of amblyopes and the eyes of normal subjects. T-test analysis between the collinear and orthogonal configurations in amblyopic eyes (p = 0.024; t(12) = 2.58) and normal eyes (p < 0.001; t(50) = 5.68) further establishes the significant effect of configuration on threshold, although this effect was rather small in magnitude (about 10% improvement). Although the effect of configuration appeared somewhat less in amblyopic eyes, at least in proportion to their thresholds (Fig. 2a ) the interaction between amblyopia, eye andconfiguration did not reach significance, nor was there a significant interaction between amblyopic eyes and configuration, when amblyopic eyes were entered into the analysis as a separate group. To summarize, collinearity improved alignment in the different groups, and this improvement was 15 ± 9% in the dominant eyes of amblyopes, 14 ± 6% in the dominant eyes of normal observers, 9 ± 6% in the amblyopic eyes of amblyopes, and 9 ± 6% in the non-dominant eyes of the normal observers (95% confidence intervals). This analysis was repeated on the log thresholds, to determine if the apparent difference in collinear to orthogonal ratios between amblyopic and other eyes was significant, but instead we found a slight effect of eye-dominance on the log difference between collinear and orthogonal thresholds (p = 0.042; F(1, 30) = 4.50), with no significant effect of amblyopia (p = .75; F(1, 30) = .11).
Results were broadly similar for the amblyopes tested at the farther viewing distance alone, except that thresholds were somewhat lower in their non-amblyopic eyes and somewhat higher in their amblyopic eyes. There was no significant effect of the viewing distance used (p = .968; F(1, 11) = .002), nor did this factor interact with the effect of orientation (p = .33; F(1, 11) = 1.02) or eye (amblyopic vs. dominant eye of amblyope) (p = .198; F(1, 11) = 1.876).
Part 2: Alignment bias
For this discussion we will consider alignment bias as the inverse of positional accuracy, i.e. the distance (in either direction) by which the central patch had to be displaced in order to give the best perceived alignment with the outer reference patches. We determined that the amblyopic eyes of amblyopes had significantly higher absolute bias than their dominant eye and both eyes of normal subjects (p < 0.001; F(1, 58) = 34.52). We found no significant differences in bias between the dominant and non-dominant eyes of normal subjects, or between the dominant eyes of amblyopes and eyes of normal subjects. Additionally, there were no significant effects of configuration on bias, except for an interaction between configuration and eye-group (p = 0.038; F(1, 58) = 4.50) which was explained by an effect of configuration on bias in the normal eyes (p = 0.023; t(50) = 2.34), with greater bias in the orthogonal configuration (Fig. 2b) . A comparison between the two viewing distances showed no effect (p = .075; F(1, 11) = 3.85) nor any interaction with eye (p = .27; F(1, 11) = 1.35) or orientation (p = .81; F(1, 11) = .81). Fig. 3 shows the results of Parts 1 and 2 as a scatter-plot, with different symbols indicating dominant and amblyopic eyes, and the different kinds of amblyopes. This figure makes it clear that while most thresholds were lower for collinear vs. orthogonal configurations, no such clear pattern emerged with alignment bias. Additionally, while thresholds were distinctly higher in amblyopic eyes, there was more of a scatter in the figures for alignment bias, particularly among the dominant eyes of the amblyopic group. It is interesting to note that the observers with the highest thresholds were both strabismic and anisometropic.
Given that configuration had similar effects on alignment as it had on thresholds, albeit effects of a smaller magnitude, it might be expected that there is a certain correlation between threshold and alignment bias, as suggested by Fig. 4 . Analysis of this correlation showed that although it was rarely significant within groups and conditions, there was an overall significant correlation between the absolute alignment bias and the threshold, at least within non-amblyopic eyes (R = .37; F(1, 100) = 15.52; p < .001). By contrast, in the amblyopic eyes alone this correlation was not significant (R = .26; F(1, 24) = 1.70; p = .205). In the amblyopic eyes, the bias in the orthogonal configuration was the best predictor of bias in the collinear configuration (R = .72; F(1, 11) = 11.93; p = .005). This was also the case with non-amblyopic eyes (R = .71; F(1, 49) = 50.68; p < .001). For the amblyopic eyes, this correlation was even stronger when the direction of the bias (left or right, signed) was taken into account (R = .78; F(1, 11) = 46.44; p < .001). For the non-amblyopic eyes, it was about the same regardless of the sign (R = .69; F(1, 49) = 45.15; p < .001). However, there was also a trend toward correlated bias between the two eyes of amblyopes, within the configuration conditions (R = .40; F(1,24) = 4.68; p = .041), which was smaller in the normal (non-amblyopic) eyes (R = .31; F(1, 36) = 3.75; p = 0.061). These results suggest that alignment bias is consistent and repeatable within eyes, more so than between left and right eyes, and in normal (non-amblyopic) eyes it is also limited by the threshold.
Discussion
The results show that collinear orientation improves alignment in amblyopic vision, just as it does in normal vision. This is despite the fact that alignment in amblyopic eyes was both less accurate and less precise than in normal eyes, i.e. both bias and thresholds were higher in the amblyopic eyes. One of the theories of amblyopia posits that the retinal visual signal is undersampled across visual space, and particularly in and near the fovea (see Popple & Levi, 2005) . If so, this would account for the reduced acuity in the amblyopic eye. Assuming that both the mechanisms subserving envelope (centroid) alignment, and the mechanisms subserving carrier bar alignment are affected by this undersampling, this would explain why collinearity still has approximately the same effect on alignment in amblyopic and non-amblyopic eyes, despite the reduced acuity in amblyopic eyes. The simplest scenario would be that simple cells in V1 ultimately subserve both centroid and carrier alignment (since they are sensitive to the locations of both), and that the amblyopic eye is undersampled by these mechanisms. An alternative hypothesis is that the mapping of the amblyopic eye is scrambled, and this causes a loss in visual acuity (Hess, Campbell, & Greenhalgh, 1978) . As with undersampling, if the affected mechanisms still represent the carrier and centroid information together, the scrambling hypothesis is consistent with our results. This finding has wide-ranging implications concerning the normal mechanisms by which carrier orientation and phase influence perceived alignment. In combination with previous findings by Popple and Levi (2000) and Levi et al. (2002) , the present results suggest that amblyopic eyes are able to utilize collinear carriers to inform the precision but not the accuracy or bias of relative localization. It is possible that either the perception of relative position is overpowered by distortions in the mapping of spatial location in amblyopic eyes, or that separate mechanisms implement the improvements in precision seen with collinear carriers and the changes in alignment bias induced by relative phase offsets between Gabor patches. This latter hypothesis, although seemingly unlikely, should be tested by comparing the effects of configuration on alignment while the relative phases of the Gabor patch carriers (equivalent to positional shifts of the black and white bars) are randomized, in both normal and amblyopic observers. Support for the notion that sharing an orientation with the reference in and of itself causes improvements in precise alignment comes from the findings of Popple and Levi (2000) , who reported that Gabor patches containing parallel (but side-by-side) carriers were aligned somewhat more precisely than orthogonal configurations, although not as precisely as collinear configurations. However, these improvements were thought to be the result of interconnectivity between neurons in primary visual cortex having parallel receptive fields, as manifested psychophysically by the lateral facilitation of contrast detection in the presence of collinear flanks (Polat & Sagi, 1993; Toet & Levi, 1992) . Such horizontal connections are thought to be reduced in amblyopia, causing a reduction in lateral facilitation (Polat, Bonneh, MaNaim, Belkin, & Sagi, 2005) . Perhaps the present study was insufficiently sensitive to detect a subtle reduction in collinear facilitation of alignment in amblyopic eyes, or alignment may be unrelated to contrast detection in amblyopia.
A major drawback of the present study is the number of observers, which was too small to permit comparisons between anismetropic and strabismic amblyopes, who have been shown to differ on tasks of perceived alignment in the past (e.g., Bedell & Flom, 1981) . Because of this small number, subjects were combined across different viewing distances. This procedure runs the risk of confounding the effects of amblyopia with the effects of presenting the target patch at a larger distance from the reference patches, and at a lower spatial frequency, which would both tend to make thresholds and bias higher. We confirmed that the same statistical results were obtained using only those amblyopes tested at the same viewing distance as the controls, but then added the other amblyopes (after checking that viewing distance itself did not have a significant effect on the results) in order to give more power to the analysis. Ideally, more subjects should be tested because others have shown that results within the amblyopia population can be idiosyncratic, regardless of amblyopia type (Polat et al., 2005) . These cautions aside, it is clear from Fig. 3 that the highest thresholds and largest biases were obtained in amblyopic eyes that were both strabismic and anisometropic, consistent with the findings of McKee, Levi, and Movshon (2003) .
Another drawback of our study is that only one separation between the reference patches and the target patch was tested. Whitaker, McGraw, Keeble, and Skillen (2004) found that the effect of the carrier on alignment was significantly influenced by the separation between the target and reference patches, and at large separations this effect was considerably diminished. It is possible that the differences between normal and amblyopic eyes may be greater when tested at a smaller separation. However, at smaller separations amblyopic vision is strongly impaired by crowding, and this may potentially confound the results of such a study.
An advantage of the present study is the inclusion of a fairly large group of normal control observers, because this sets a standard for normally present differences between the two eyes that can be compared with the differences between the amblyopic and fellow-fixing eyes of amblyopes. Although no significant differences were found between the two eyes of the normal observers, thresholds were notably more varied in the non-dominant eyes of the controls than in their dominant eyes (Fig. 2a) , suggesting that at least some of the variability in alignment thresholds between amblyopic eyes might possibly come from variability inherent in eyes that are not dominantly used for such tasks. This hypothesis might be testable in an even larger study.
Historically, the emphasis in psychophysics has been on thresholds rather than bias, however bias can be as informative concerning the underlying mechanisms of psychophysical effects. Interestingly, we found that alignment bias could not be entirely predicted from thresholds as might be expected if it represented simply measurement error as a result of subthreshold random variation in responses. This finding, in normal as well as amblyopic observers, is consistent with the results of Demanins and Hess (1996) in a group of strabismic amblyopes. It could not be explained by idiosyncratic biases in individual response selection, as bias was significantly correlated between measures taken in the same eye of individual observers, but not highly correlated across eyes for the same individuals. This raises the possibility that alignment bias measures some fundamental errors in monocular spatial mapping, either in primary visual cortex or earlier visual representations. These errors are simply larger in amblyopic eyes, and less susceptible to the influence of stimulus variables such as phase and orientation.
